Background Despite a number of studies comparing postoperative stability and function after anatomic doublebundle and single-bundle anterior cruciate ligament reconstruction (ACLR), it remains unclear whether double-bundle reconstruction improves stability or function. Questions/purposes We therefore asked whether patients having single-and double-bundle ACLR using semitendinosus (ST) alone differed with regard to (1) postoperative stability; (2) ROM; and (3) five functional scores. Methods We prospectively followed 60 patients with an isolated anterior cruciate ligament (ACL) injury. Thirty patients underwent single-bundle and 30 patients underwent double-bundle ACL reconstruction. Clinically we assessed stability and range of motion (ROM); anteroposterior stability was assessed by Rolimeter and rotational stability by a pivot shift test. Function was assessed by IKDC, Noyes, Lysholm, Marx, and Tegner activity scales.
Introduction
Disruption of the ACL is among the most frequent musculoskeletal injuries affecting physically active men and women. According to an ongoing study in the United States, an estimated 200,000 ACL reconstructions (ACLR) are performed annually, and the incidence of ACL injury is roughly one in 3000 per year [32] . Anatomic studies have demonstrated the anterior cruciate ligament consists of two functional bundles: the anteromedial (AM) and the posterolateral (PL) bundle whose nomenclature is related to their insertion in the tibial plateau [2, 11, 36] . In cadaveric studies, the AM bundle tightens during knee flexion, whereas the PL bundle slackens; in contrast, the PL bundle tightens during knee extension, whereas the AM bundle slackens [2, 27, 36] .
Some authors consider single-bundle ACLR the standard option to treat ACL lesions [5, 7, 17, 42] . However, recent studies suggesting the need for better rotational control have stimulated interest in a more anatomic reconstruction with double-bundle [6, 9, 21, 26, 38, 41, 49, 51] . Several studies suggest the anatomic double-bundle ACLR should improve pivot shift resistance and increase rotational knee control [8, 38, 46, 47, 49, 51] and should help preserve menisci and limit progression toward arthritis [8, 38, 46, 47, 49, 51] . A number of studies, however, reported no difference in terms of anteroposterior laxity, rotational stability, and/or any other clinical aspects at final followup between the two techniques [1, 4, 20, 23, 24, 30, 34, 43] .
A recent systematic review [47] suggested that in most published studies on double-bundle ACLR have inadequate descriptions of the specific operative technique data. The authors found a low percentage of Level 1 and 2 studies (2.7% and 14.9%, respectively), whereas most of studies classified as Level 3 (23%) and Level 5 (mainly consisted of technical notes and expert opinions [60%]). Foremost among the concerns associated with this particularly complex procedure is the expertise required to perform the double-bundle technique properly; therefore, some theoretical advantages could be negated by the complexity of this procedure and steep learning curve. One recent study demonstrated a higher number of patients with tibial and femoral bone tunnel enlargement and double-tunnel communication in patients treated with the double-bundle technique [40] . Performing an anatomic double-bundle reconstruction entails the use of both the semitendinosus (ST) and the gracilis autografts, requiring the use of independent femoral and tibial fixations. Further, hamstring strength deficits in deep flexion and internal rotation resulting from the use of both tendons could represent a possible complication documented in various studies [12, 14, 31] . Therefore, we have used ST in this study to reduce the risk of this complication and none of the published studies compare single-bundle versus double-bundle techniques with the use only of ST. Furthermore, despite one review [47] , it remains unclear whether there is any difference in stability or function after double-bundle or single-bundle reconstructions.
We therefore asked whether patients having single-and double-bundle ACLR using ST alone differed with regard to (1) postoperative stability; (2) ROM; and (3) five functional scores.
Patients and Methods
We prospectively followed 60 athletes who underwent ACLR from February 2004 until January 2007. During that same time, we treated 138 patients with either single-or double-bundle ACLR; from these patients, only 60 met the inclusion-exclusion criteria as mentioned. The patients were randomly assigned to two treatment groups: ST single-bundle (SB group; n = 30) and ST double-bundle (DB group; n = 30) ACLR group. The 60 patients were blinded to the specific type of reconstruction they would undergo. Each patient was allocated to the one treatment or the other depending on the order of arrival; researchers did not have the total sample of patients from the beginning and did not know in advance the specific characteristics of each patient.
The inclusion criteria for the study were: (1) primary ACLR with no associated Grade III ligament injury, PL rotatory instability, or fracture around knee, no previous knee ligament surgery (except diagnostic arthroscopy or partial meniscectomy), no arthritic changes or Grade III-IV chondral damage, no subtotal or total meniscectomy, no malalignment, and a normal contralateral knee; (2) ACL injury reported within 5 months; (3) consent for participation in this study; (4) willingness to followup at 3, 6, 12, 24, and 36 months or when asked for; and (5) compliance to a specific rehabilitation program. Patients were excluded from the study when the examination under anesthesia or intraoperative findings did not meet the previously mentioned inclusion criteria. Patients with a partially torn ACL were also excluded from the study.
In the SB group, the mean age of patients at surgery was 31.9 ± 1.9 years; 50% of patients were males and 50% females. In the DB group, the mean age of our patients at surgery was 28.9 ± 1.9 years; 60% of patients were males and 40% females ( Table 1) . We determined confidence intervals to compare the demographic factors ( Table 2) .
The injuries were all sports-related. Pivoting, while playing a sport (eg, skiing, soccer, karate), was the main mechanism of injury (82%), whereas a fall during sports participation (eg, motocross) accounted for only 18%. In our series, injuries while playing soccer made up 38%, skiing 33%, motocross 16%, tennis 10%, and karate 3%. All of the patients clinically presented with an ACLdeficient knee with a positive Lachman test [45] and pivot shift [22] , both of which were confirmed with a complete ACL rupture on MRI. Associated knee injuries included first-and second-degree medial collateral ligament sprain in 11%, meniscal lesions in 30%, Grade I or II chondropathy in 7%, and a combined meniscal and chondropathy lesion in 15%. Concomitant injuries for both groups and confidence intervals are reported in Table 3 . Pearson The sample size of each group was determined beforehand by using statistical power analysis. Anteroposterior laxity (DLaxity), which was evaluated at 3 years postoperatively, was defined as the primary parameter. To detect a difference of 1.7 mm with a SD of 2.2 mm, 25 patients were required per group (power = 0.8 and p \ 0.05). Therefore, we included 30 patients per group [50] .
After the administration of either a spinal or general anesthesia, the patient was positioned supine on the operating table. A tourniquet was placed at the proximal aspect of the thigh with sufficient distance from the expected exit point of the Kirschner wire suture passer in the thigh's lateral aspect. A lateral post for thigh support and a foot bar were then placed to enable the knee to be positioned at 90°fl exion on the table during surgery. This setup also allowed intraoperative testing of full ROM. The preparation of the graft was similar irrespective of the surgeon performing a single-or double-bundle technique. Once standard prepping and draping were completed, the tourniquet was inflated to 300 mmHg only for graft harvesting and then deflated. A 3-cm vertical incision was then made centered approximately 5 cm below the medial joint line midway between the tibial tubercle (Gerdy's tubercle) and the posteromedial aspect of the tibia. The sartorial fascia was incised and the ST tendon was dissected. The tendon was completely detached from its proximal attachment with an open tendon stripper. On its tibial end, the tendon's length was maximized preserving as much length as possible by detaching the ST close to the bone. Ideally, a length of 28 cm or greater was desired. While the surgeon prepared the tunnels, the surgical assistant at the back table proceeded with the preparation of the graft. Once the graft was cleaned and devoid of excess tissues, measurement of the tendon followed. The minimum length needed was 28 cm to allow the possibility of cutting the graft in half with sufficient length to fold each half of the graft to a length of 7 cm. In such way, we had a 2-cm graft length for the femoral and tibial tunnels and 3 cm intra-articularly. The ends of the grafts were then whipstitched using Orthocord TM sutures (Orthocord; DePuy, Mitek, Raynham, MA) ( Fig. 1A-B ).
For the SB technique, using standard anterolateral and anteromedial portals, the knee was visualized and prepared for tunnel placements. The anatomic footprints of the native ACL on both the femoral and tibial sides were identified and not removed. We used remnants of torn ACL on femoral and tibial sides as landmarks for positioning of tunnels. Notchplasty was never performed in any patient in either group. We used the center of the ACL footprint on femoral and tibial sides as a landmark for placing tunnels for SB ACL reconstruction. The femoral tunnel position was first identified and drilled using a Kirschner wire in an anatomic position through the anteromedial portal with the knee flexed at 110°of flexion. After checking the proper positioning at 10 o'clock for the right knee, a 4.5-mm cannulated drill was used to create the femoral tunnel and with the specific instrument and the length of the tunnel was measured (Smith & Nephew Endoscopy, Andover, MA) [9, 20, 39] . Once the required graft size was assessed, the half tunnel was prepared using a drill and dilators to obtain a tunnel 0.5 mm in diameter smaller than the graft to have a good press-fit and avoid possible movement of the graft. Average diameter of femoral tunnel in the SB group was 9 mm and the length of the tunnel was 40 mm. The tibial tunnel was then prepared in an anatomic position at the ligament's footprint using an endoscopic aimer adjusted to a 45°position in the coronal plane (Smith and Nephew tibial guide) [9, 20, 39] . The alignment on the sagittal plane should be at 70°with respect to the medial plateau [9, 20, 39] . Average diameter of tibial tunnel in the SB group was 9.5 mm and the length was 45 mm. After selecting the appropriate size of the EndoButton1 CL (Smith & Nephew Endoscopy), the quadrupled ST tendon was inserted and fixed at the femoral end with an EndoButton. At this point, we suggest appropriate preconditioning of the graft with cyclic flexion and extension of the knee and finally the two strands were fixed at the tibial side under maximum manual tension (30 Newtons) using a new-generation biocomposite screw (average size, 9 9 30 mm). For the DB technique, the PL femoral tunnel was initially prepared using an ''outside-in'' technique. To properly achieve this step, a customized PL tunnel guide was used (Smith &. Nephew Inc Endoscopy). This customized guide has a component arm designed to reach either the 9 o'clock or the 3 o'clock position. The arm of the PL guide was inserted in the anterolateral portal and positioned at either 9 o'clock or 3 o'clock on the medial wall of the lateral condyle while the handle was maneuvered at the area of the junction of the distal femur and lateral condyle to fix the entry point for the tunnel. We used the lateral intercondylar ridge and lateral bifurcate ridge, indicating the superior border of the femoral ACL insertion site and the border between the AM and PL bundle, respectively, as bony landmarks for placement of tunnels [8] . A guidewire was inserted from outside in, which was followed by a 4.5-mm cannulated drill to prepare the pilot hole. Once the length of this hole was measured, a 6-mm PL tunnel with its appropriate depth is drilled. Preparation of the 7-mm AM tunnel followed using standard techniques with the tunnel placed at the either the 11 o'clock or 1 o'clock position. At the end of this step, we have two divergent tunnels positioned anatomically. The tibial tunnels were prepared at an angle of 50°to 60°with the entry point separated by a distance of 1 to 1.5 cm. These tunnels converge on the ACL ligament's footprint intraarticularly [6, 8, 9, 20, 47] . The appropriate size of the EndoButton1 CL (Smith & Nephew Endoscopy) as determined by the AM and PL tunnel lengths was then attached at the end of each graft. The diameter of each bundle was then measured using 0.5-mm increment sizers to match the size of the femoral and tibial tunnels. With the tunnels ready, the PL bundle was positioned first followed by the AM bundle. Once in place, the femoral fixation was double-checked to determine if the EndoButton was securely anchored against the cortex. On the other hand, after pretensioning and preconditioning with cyclic flexion and extension, the tibial end of the graft was fixed using a single screw-post construct connected to the graft with a new-generation highstrength suture (Orthocord; DePuy; and Fiberwire; Arthrex, Naples, FL). The AM bundle was secured at 20°of flexion and the PL bundle fixed at full extension; the graft was then checked for impingement and the knee examined for ROM and stability with the Lachman test. The graft's position was confirmed with the postoperative radiograms ( Fig. 2A-B) .
The postoperative rehabilitation protocol was identical for both groups. For the first 3 weeks, walking with crutches with partial weightbearing was allowed without any brace or splint. Patients were encouraged to restore full extension of the knee and strengthen the quadriceps muscle power. Four weeks after surgery, patients returned to Single-versus Double-bundle ACLR 827 performing activities of daily living. Noncontact sports were permitted after 3 months, and contact sports were permitted 1 year after surgery ( Table 4 ).
Patients were followed at 3, 6, 12, 24, and 36 months postoperatively. A single orthopaedic surgeon (CS), not associated with the surgery and blinded to the surgical procedure evaluated all patients pre-and postoperatively. The type and level of sport participation were documented at preoperative and postoperative intervals. The major complications were defined as postoperative intra-articular infection, rerupture of graft, vascular complications, or fractures after ACL reconstruction. Minor complications were defined as donor site morbidity, stiffness, and hardware complications [35] . Anterior laxity was documented using the Rolimeter (Aircast, Boca Raton, FL) [3, 10] preoperatively and at the same intervals postoperatively. The integrity of the hamstring function of both knees was determined using the modified technique of Nakamura for range of movement [31] . We obtained standard IKDC [19, 48] , Noyes [33] , Lysholm [25] , Marx [29] , and Tegner [44] knee scores. To determine the patients' psychologic profile, a specific questionnaire (Psychovitality) was administered preoperatively (Socrates TM Orthopaedic Outcomes Software, Ortholink, Australia). This test is a six-item questionnaire including psychologic factors such as patients' expectations related to treatment outcome and motivation to resume preinjury activity levels. Scores can range from 3 to 18 points; a higher score would indicate better motivation on the part of the patient [15] .
Continuous data were described as average means ± standard error of the mean. Nonparametric analysis was performed with Friedman's test to compare the anteroposterior stability as measured with Rolimeter from preoperative to postoperative 6-, 12-, and 36-month evaluation. Nonparametric Friedman's test was also performed to evaluate postoperative improvement in clinical evaluation scores for each group (IKDC, Noyes, Lysholm, Tegner, and Marx). We used the nonparametric Mann-Whitney U test for intergroup comparison with respect to anteroposterior stability as well as in clinical evaluation scores at preoperative to postoperative 6-, 12-, and 36-month followup. Spearman's rho test was performed to analyze the correlation between preoperative psychovitality and Tegner score at last followup for both groups. Z-score and p values are provided for all the parameters evaluated. For statistical analysis, SPSS software was used (SPSS 17.0; SPSS, Chicago, IL).
Results
Patients in both groups improved (p \ 0.001) in terms of anteroposterior laxity from preoperatively and at 6-, 12-, and 36-month followup ( Table 5 ). We observed no difference in improvement between the two groups at final followup; both SB and DB group patients maintained postoperative stability at 3-year followup ( Table 5 ). The lateral pivot shift test at 3-year followup was negative in 83.3% and Grade 1 in 16.7% in the SB group patients and was negative in 87% and Grade 1 in 13% in the DB group patients ( Table 6) .
At final followup, the ROM was similar in both groups: a mean of 135.5°± 5.5°in the SB group and 134.5°± 1.0°in the DB group (Table 6 ). The rehabilitation time involved 10% more physical therapy sessions in the DB group than the SB group to regain the same ROM.
All clinical scores (IKDC, Noyes, Lysholm, Tegner, and Marx) improved from preoperative evaluation to final followup for each group of patients; however, there was no difference between the two groups at final followup ( Table 5 ). All patients returned to their previous sports activities. In the SB group, patients went back to competitive sports at an average of 7.4 months and in the DB group at an average of 8.2 months; we observed no difference in Tegner scores between preinjury and last followup for both groups (Fig. 3A-B) . We observed a correlation between preoperative psychovitality score and Tegner score at last followup for both groups (Fig. 4A-B ).
We observed no major postoperative complications and no reruptures. One year after surgery one of the patients in the SB group was involved in a motocross crash and sustained a tibial plateau fracture (Schatzker Type I). Diagnostic arthroscopy was performed and the ACL was intact. The patient was treated nonoperatively and returned to motocross after 3 months. Another patient in the DB group after 4.5 years sustained a tibial plateau fracture (Schatzker Type IV) after a trivial trauma while playing soccer and was managed operatively with open reduction and fixation with an LCP plate and screws. 
Discussion
The ACL is composed of AM and PL bundles, each with its own characteristics. Many surgeons try to reconstruct each bundle of the ACL separately. For more successful reconstruction of the ACL, the ideal outcome would be restoration of the anatomy of the ACL, which means functional restoration of the ACL to its native dimensions, collagen orientation, and insertion sites to achieve better stability [8] . Many different techniques have been suggested for anatomic ACLR using different tunnels positions, fixation systems, and types of graft [16, 28, 37, 39] . A number of studies have been conducted to compare postoperative stability and function after anatomic DB and SB ACLR. Some authors consider SB ACLR as the standard option to treat ACL lesions [5, 7, 17, 42] , whereas others suggest the anatomic DB ACLR should improve pivot shift resistance and increase rotational knee control and should help preserve menisci and limit progression toward arthritis [8, 38, 46, 47, 49, 51] . Many studies, however, found no difference in terms of anteroposterior laxity, rotational stability, and/or any other clinical aspects at final followup between the two techniques [1, 4, 20, 23, 24, 30, 34, 43] . Furthermore, it remains unclear if one has clear long-term advantages over the other. We therefore asked whether patients having single-and double-bundle ACLR using ST alone differed with regard to (1) postoperative stability; (2) ROM; and (3) five functional scores.
Our study has some limitations. First, it was not possible to objectively evaluate the pivot shift test in our patients with specific instruments because these instruments are not freely available and accessible. We used the pivot shift test, which is a subjective test commonly used during clinical examination. We believe it would be important to compare patients with Grade 3 pivot shift treated with SB and DB reconstruction using specific instruments. Second, we did not include patients with complex instability because we believed it would introduce confounding variables such as medial-lateral collateral instability and posterior ligament insufficiency. Further studies are required to compare patients with complex instability treated with SB and DB reconstruction.
Our findings confirm those of several previous studies [1, 34, 43] reporting no difference between ACL-deficient patients treated either with single-or double-bundle ACLR regarding postoperative stability, pivot shift grade, varus-valgus limb morphology, and type of sport (Table 7) . Recent meta-analyses also found no difference in the chance of having a normal pivot shift between single-and double-bundle ACL reconstruction [23, 24, 30] . Our data also showed no difference between the two groups regarding postoperative stability as assessed with the Rolimeter and pivot shift test ( Table 6 ). Although double-bundle ACLR reportedly produces better intraoperative stability than SB ACLR [43] , the two modalities are similar in terms of clinical aspects evaluated such as Lysholm and Tegner scores as well as postoperative stability after a minimum of 2 years of followup [43] . The AP laxity as measured with the Rolimeter was also similar in the two groups at 3 years; furthermore, for each group, we found no difference in laxity from 1 to 3 years of followup. Our observations confirm recent studies suggesting stability was achieved and remained for both groups [34, 43] .
Even with theoretical advantages of DB ACLR, there will still be room for the anatomic SB technique with its Single-versus Double-bundle ACLR 831 less complex preparation of tunnels. An increasing arsenal in the sports surgeon's hands must now lead us to create an improved algorithm in treating ACL complete tears: what technique, graft type, and fixation for a specific patient should be used? This should be answered by an algorithm [46] . We must always plan our surgery according to the type of patient we are presented with; for instance, a double-bundle ACLR may be more appropriate for an athlete of high-contact or impact sport but certainly not for a skeletally immature patient or a patient with important lateral femoral condyle bone bruise [8, 38, 46, 47, 49, 51] . Furthermore, we must also consider the anthropometric anatomy; thus, a thin light female would not be a good candidate for DB ACLR [13] . There is a considerable learning curve associated with DB ACLR. A recent study [18] demonstrated most European and American surgeons performing ACLR do less than 10 cases per year; should these surgeons be addressed about the DB technique? The failure rate is approximately 10% to 20% of all ACLRs; this rate might increase if all surgeons were to perform this new technique. We found no differences in ACLR using SB or DB. Based on our findings and those in the literature, we suggest that at present, the surgeon should use the most anatomic technique for ACLR with less complexity, easier fixation, a least invasive revision technique, and minor graft harvesting morbidity. Surgeons should be aware of the reported incidence of hamstring weakness when using both the ST and the gracilis tendons for this type of reconstruction; therefore, we emphasize harvesting only the ST tendon for ACLR [12, 14, 31] . Today ACLR cannot be a fixed menu in the clinics of sports surgeons; rather, we advise a ''menu a la carte'' with many options to choose from, including regenerative therapy (stem cells); different graft sources, autografts, and allografts; and different fixations and a variety of techniques, which would not limit the surgeon in doing what is best for the patient. Further studies in the future might demonstrate if the DB technique could offer better stability and clinical outcome than SB, especially in patients with complex instability and greater transverse plane rotational knee stress demands.
